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We report anomalous structure in the magnetoresistance of SiO2/Si(100)/SiO2 quantum wells.
When Landau levels of opposite valleys are driven through coincidence at the Fermi level, the
longitudinal resistance displays elevations at filling factors that are integer multiples of 4 (ν = 4i)
accompanied by suppression on either side of ν = 4i. This persists when either magnetic field or
valley splitting is swept leading to resistance ridges running along ν = 4i. The range of field over
which they are observed points to the role of spin degeneracy, which is directly confirmed by their
disappearance under in-plane magnetic field. The data suggest a new type of many-body effect due
to the combined degeneracy of valley and spin.
PACS numbers: 73.43.Qt, 71.45.-d, 72.80.Cw, 73.43.-f
When two Landau Levels (LLs) of a two-dimensional
electron system in magnetic field (B)[1] become degen-
erate at the Fermi energy, many-body interactions come
to the fore as the electrons have relative freedom as to
how they occupy the degenerate levels. Recent research
has revealed a variety of striking phenomena that depend
on the spin (mZ), orbital (l) and layer (or confinement
subband) indices of the LLs involved [2, 3, 4].
In valley-degenerate silicon, further new physics can
be expected due to the addition of the valley degree
of freedom, which differs from the layer degree of free-
dom in that spatial wavefunctions of different valleys are
spatially coincident, rather like spatial wavefunctions of
states with differing spin. However, control over the val-
ley splitting (∆V) which lifts valley degeneracy and also
control over the spatial subbands in silicon have only
recently become readily accessible through the use of
SiO2/Si/SiO2 quantum well structures[5, 6, 7]. This is
expected to offer new device possibilities and enable oth-
erwise inaccessible experiments to be performed, mak-
ing further characterization of these structures such as
through magneto-transport of urgent priority.
Here, we address the low-temperature magneto-
transport properties of SiO2/Si/SiO2 quantum wells
when LLs are driven through energetic coincidence by
controlling ∆V and the spatial subband separation. In
transport measurements of other systems, coincidences
manifest themselves either by spikes or more broad eleva-
tions in longitudinal resistance (Rxx) occurring precisely
when the LLs are degenerate and can shift as a func-
tion of filling factor, although their visibility can change
with underlying total filling factor ν. At B lower than
required for quantum Hall physics, competing subbands
or spin leads to beating patterns or phase shifts in Shub-
nikov de Haas (SdH) oscillations reflecting the density of
states (DOS) at the Fermi level.
In this paper, under previously unexplored conditions
attained in SiO2/Si/SiO2 quantum wells, we observe pe-
riodic structure in magneto-resistance where the rise and
fall of Rxx does not correlate with any expected oscil-
lations in the underlying density of states. When LLs
with differing l and opposite valleys are driven through
coincidence, Rxx is enhanced when ν is a multiple of
4, accompanied by Rxx suppression at the flanks. This
persists when either B or ∆V is swept over multiple or-
ders of coincidences leading to resistance ridges running
along ν = 4i. The range of B over which the ridges
are observed points to the role of spin degeneracy, which
is directly demonstrated by their disappearance under
in-plane magnetic field. The data suggest a new type
of many-body effect due to the combined degeneracy of
valley and spin. The generality of this phenomenon and
the requirement of strong interactions is confirmed by
measurements at coincidences between LLs of different
confinement subbands.
The LL coincidences are achieved by exploiting quan-
tum wells made by fabricating MOSFETs on two types of
(100) Silicon-On-Insulator (SOI) substrates [Fig.1(a,b)].
First is the “SIMOX” (Separation by IMplantation of
OXygen) substrate where recent experiments have shown
that the buried oxide (BOX)-silicon interface allows ac-
cess to many orders of coincidence between LLs of op-
posite valleys[5, 6, 7]. Second is a bonded-SOI sub-
strate, where both the BOX and the front-oxide layers are
formed through thermal oxidation[8], leading to quantum
wells with relatively symmetric properties with respect to
electrostatic bias and ∆V in comparison to their SIMOX
counterparts. The mobility in both types of structure is
influenced by scattering from both interfaces which de-
pends on the potential bias. In a wide (25nm) SIMOX
quantum well where the electrons at the two interfaces
are independent, electrons at the front (back) interface
have higher (lower) peak mobility of 1.0 (0.4)m2/Vs[6].
Bonded-SOI samples had slightly lower peak mobility at
the front, while the back interface showed values compa-
rable to equivalent SIMOX samples.
2FIG. 1: (a) Layer structure. (b) Quantum well potential.
The electric field in the oxide layers are independently con-
trolled by VFG and VBG. (c) Only out-of plane valleys are
occupied. (d) The resulting DOS, with and without valley
splitting ∆V. (e) Gray-scale plot of d
2GSD/dV
2
SD atB = 5.5T,
T = 4.2K. Solid lines labeled n+ = 0 and n− = 0 mark lines of
zero electron density in the lower and upper valley subbands
as extracted using α = 0.46meV/1015m−2. (f) Data at 1.5K.
Ridges along ν = 16, 20, 24 and 28 are marked by arrows.
Solid lines are the same as those in (e). (g) Sample configu-
ration. (h) Diagram of the spin degenerate LLs as a function
of potential bias δn. (∆V ∝ δn). Thicker lines represent the
lowest LLs for the two valley subbands + and -. Dotted lines
schematically mark where the ridges are observed.
We first focus on the phenomenology in a narrow
SIMOX quantum well with a nominal thickness of 8nm,
where only the lowest confinement subband of the out-of-
plane valleys [Fig.1(c)] is occupied[7, 9]. Transport data
at B = 5.5T, 4.2K are shown in Fig. 1(e). Since the con-
centration and mobility change a great deal with front-
and back-gate voltages (VFG and VBG) which leads to
strong variations in resistivity, we plot the double differ-
ential of the conductance d2GSD/dV
2
SD in order to high-
light SdH oscillations over a wide range of (VFG, VBG).
The total electron concentration n is given by n =
CF(VFG−V
Th
F )+CB(VBG−V
Th
B ) where CF = 485µFm
−2
and CB = 92µFm
−2 are front- and back-gate capaci-
tances, and V ThF and V
Th
B are constant offsets. The occu-
pation of the upper and lower valley subbands [Fig.1(d)]
are approximated by a phenomenological formula for the
valley splitting: ∆V = αδn when δn > 0; δn = nB − nF,
nB and nF being electron densities contributed by the
back and front gates, respectively. The valley factor α
for the Si-buried oxide interface in this sample has a large
value of about 0.46meV/1015m−2 [7]. Corresponding LLs
are schematically depicted in Fig. 1(h).
At 4.2K, in the completely valley-polarized region
where only the lower valley is occupied at large positive
VBG and large negative VFG [between the two solid lines
in Fig. 1(e)], oscillations occur with a period of ∆ν+ = 2
due to two-fold spin degeneracy since the spin splitting
is not resolved. In the partially valley-polarized region,
two sets of oscillations can be seen, where one set corre-
sponds to electrons in the upper valley subband with a
corresponding period of ∆ν− = 2.
When the temperature is reduced to 1.5K, oscillations
remain qualitatively unchanged where only one valley
subband is occupied and the upper valley subband is
far above the Fermi energy [bottom right of Fig 1(f)].
Surprisingly, however, when the upper valley subband
becomes occupied, the pattern is drastically altered to
one where by far the strongest features (some marked
by arrows) run parallel to lines of constant total filling
factor νtot = ν+ + ν−. The transport no longer reflects
the expected oscillations in the single particle DOS [Fig.
1(h)].
Since the conductance G does not necessarily reflect
the resistivity of the 2DES, we also present results of
four-terminal measurements. Figures 2(a) and (b) show
Rxx measured at a lower temperature of 350mK where
there is less thermal broadening. The plot shows data
up to a larger value of VFG (compared to Fig.1 (e,f)) to
examine the behavior when ∆V is increased from its usual
small value. When ∆V is much smaller than ~ωC at small
values of VBG, deep minima are seen when ν is a multiple
of four. As ∆V is increased, adjacent LLs of opposite
valleys begin to overlap and these minima are replaced
by peaks. Minima at odd ν are also seen corresponding to
valley gaps [6]. With VBG increased further, features that
can be attributed to individual energy gaps between LLs
disappear and the only remaining sharp features occur
near νtot = 4i. Specifically, there are sharp elevations in
the resistance when νtot = 4i, accompanied by resistance
suppression slightly off νtot = 4i. This behavior persists
when ∆V is swept beyond a particular coincidence to the
adjacent order coincidence, leading to resistance ridges
running along νtot = 4i.
The ridge structure is evidently a consequence of over-
lap between LLs of opposite valleys since more usual SdH
oscillations are recovered at complete valley polarization
[Fig. 1(f)]. However, it cannot be explained by a sim-
ple picture of overlapping LLs depicted in Fig. 1(h) with
Rxx reflecting the single particle DOS. Nor is it simply
enhanced or accentuated at specific LL coincidences[2].
Furthermore, it can neither be explained by simple con-
3siderations of anti-crossing. However, the result that the
structure depends strongly and consistently on the total
electron concentration despite major rearrangements of
the underlying single particle energies suggests a many-
body origin due to electron-electron interactions, where
the energies involved are larger than or comparable to
the separation between single-particle LLs[10].
One possible clue as to the origin is the absence of much
structure between the ridges despite the low tempera-
ture. It suggests that B is low enough and the disorder
great enough for up and down spin states to be effectively
degenerate. We have found that at higher B, these resis-
tance ridges disappear, accompanied by the appearance
of structure attributable to individual spin-resolved LLs
[11]. This leads us to suspect that spin degeneracy plays
an important role in the formation of the ridges.
Evidence for the requirement of spin degeneracy for
observing the ridges comes from in-plane field measure-
ments. Figure 3(a) shows d2GSD/dV
2
SD at 1.5K, when the
sample is tilted by an angle of θ = 55.6 degrees [Fig.3(b)]
with a total field of 9.735T keeping the component per-
pendicular to the sample at 5.5T (the value for Figs. 1,
2(a,b)). The Zeeman energy (∆Z) is increased (from 0.6
to 1.1 meV taking a g-factor of 2) while maintaining ~ωC
(at 3.3 meV taking m∗ = 0.19m0). ∆V is unaffected
FIG. 2: (a) Rxx as a function of filling factor ν at various val-
ues of VBG (fixed intervals, data offset) at B = 5.5T, 350mK.
(b)Gray-scale plot of the same data as (a). A monotonic
background has been subtracted for clarity. White numbers
indicate filling factors. (c) and (d)Rxx and Rxy(B) taken at
different VBG keeping n constant. Ridges are seen at ν = 12,
16 and 20 but not 8 for VBG =25V, VFG =0.83V.
by in-plane field [12]. It is clearly seen that the anoma-
lous ridges completely disappear with large in-plane field,
being replaced by periodic oscillations. Although the os-
cillations do not simply follow the single particle picture
depicted in Fig. 3(c), presumably due to residual inter-
actions, there is no structure indicating special behavior
at νtot = 4i, demonstrating that large Zeeman energy
prevents the formation of the anomalous ridges. In turn,
this suggests that the ridges occur due to a combined de-
generacy of valley and spin. i.e. at coincidences between
spin degenerate LLs of opposite valleys.
The generality of the ridges and the requirement of
electron-electron interactions is demonstrated by mea-
surements of coincidences between levels originating from
different confinement subbands. These are examined
on the second type of structure fabricated on bonded-
SOI substrates whose properties are relatively symmet-
ric with respect to potential bias. The well is nominally
11nm thick, bringing the second confinement subband
into play[6, 9]. When VBG (VFG) is zero, there are no
electrons at the back (front) Si/SiO2 interface leading to
a single set of SdH oscillations[Fig.4(a)]. At ν = 4 and
8, the SdH minima are continuous between the regions
explicitly associated with the front and back due to the
energy separation between the lowest and the first ex-
cited subband (∆SAS) being of the order of 2~ωC. At
large values of VFG, and VBG (VFG > 6V, VBG > 10V),
a square lattice pattern is seen corresponding to inde-
pendent SdH oscillations. When the filling factors at the
front and back are the same or similar (δn ∼ 0), some
minima are absent and some extended, similar to GaAs
double-quantum wells[13] except that each LL is 4-fold
degenerate.
In between the high ν bi-layer behavior and the low
ν single-layer behavior, the data reveal clear resistance
ridges running along total filling factor ν = 4i (12, 16
FIG. 3: (a) d2GSD/dV
2
SD at 1.5K, θ = 55.6 degrees, B =
9.735T, B⊥ = 5.5T. (b) Direction of the sample with respect
to field. (c) Schematic diagram of spin-split LLs.
4FIG. 4: (a) Rxx of the bonded-SOI sample (8T, 350mK). (b)
Evolution of the lowest six orbital LLs from the front layer to
those of the back. (∆SAS has been adjusted for each orbital
to reflect its dependence on concentration.)
and 20) with minima along their sides, in a very sim-
ilar manner as for the SIMOX sample [Fig.2(b)]. The
ridges occur along specific values of total filling factor as
opposed to the filling factor of the front or back layer
showing that this is an effect arising from the collabora-
tion of carriers from both layers.
The schematic diagram [Fig.4(b)] shows the qualitative
behavior of spin and valley degenerate LLs. LLs of the
two confinement subbands contain levels from opposite
valleys which implies that their crossing involves coinci-
dence between LLs of opposite valleys. These ridges are
therefore likely to be consequences of the same mecha-
nism as those observed at coincidences between LLs of
opposite valleys but from the same confinement subband
in the SIMOX sample. This is also corroborated by the
result that the ridges occur at ν = 4i despite the ad-
ditional multiplicity due to the second confinement sub-
band. The range of magnetic field over which the ridges
are observed is also similar to the SIMOX sample. At
low enough magnetic field the ridges become unresolved,
and at high field, as individual spin-split LLs resolve,
they compete with the formation of quantum Hall states
which suppresses resistance. Within this field-range, the
ridges appear whenever there are coincidences or over-
lap between bonding and antibonding levels at ν = 4i.
i.e., In Fig. 4(a), there are no ridges along ν = 4 and
8 since only states of the bonding (ground) subband are
occupied and there are no level crossings. Along filling
factors ν = 12, 16 and 20, they appear where there are
level crossings and disappear where the energy gaps are
large, forming quantum Hall states with suppressed Rxx.
The dependence of the ridges on electron concentration
may also be instructive. Ridges at ν = 12 and ν = 16
appear strongly but the ridge along ν = 20 is weaker
and at higher filling factors the ridges are no longer vis-
ible. This concentration dependence is likely to be re-
lated to the overlap in real-space of the coincident states.
Increased concentration increases the distance between
the front and back-layers due to band-bending, also re-
flected by smaller ∆SAS, leading to weaker interactions
between their electrons. Indeed, our measurements on
samples with nominal quantum well thicknesses greater
than 14nm showed no ridges at coincidences between con-
finement subbands also demonstrating the requirement of
strong interactions.
In conclusion, we have shown anomalous ridge struc-
tures to appear in resistivity at certain conditions of LL
coincidences. In-plane field measurements show the vital
role of spin degeneracy while coincidences between levels
of confinement subbands demonstrate the role of inter-
actions and the generality of the phenomenon. Our data
point to the combined degeneracy of valley and spin as
the cause, suggesting a new type of many body effect at
coincidences between more than two LLs.
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